The 
Introduction
Teck Coal Limited, a division of Teck Resources Limited, operates six open pit coal mining operations in western Canada that collectively produce approximately 24 Mt of steelmaking coal per year, primarily for export. Figure 1 illustrates the locations of Teck Coal's operating mines in the provinces of British Columbia and Alberta along with the locations of the export terminals that the majority of the produced coal is shipped through.
Figure 1 Teck Coal sites and main export terminals
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The majority of Teck Coal's mining operations are within the highly folded and faulted rocks of the front ranges of the Canadian Rocky Mountains. Open pit depths of up to approximately 400 m have been completed to date. Potential expansions at some of the operating sites could include pit depths of up to 800 m or more, and extend into areas with more complex geological and hydrogeological conditions than encountered to date. The external waste rock spoils at the sites are typically constructed as end-dumped, top-down constructed valley fills, and are among the largest in the world with planned volumes of up to several hundred million bcm and face heights of up to 400 m. Experience with these spoils has contributed to the current state-of-practice for the design, monitoring and safe operation of large, ex-pit waste spoils in mountainous terrain (Eaton, 2000) .
History of geotechnical practice at Teck Coal
Open pit mining operations at each of the six mines started at various times from the 1960s onwards. Over time, the sites were operated by a variety of private and publicly-held companies before coming together under common ownership in the early 2000s, and wholly owned by Teck Coal since 2008. Therefore, the geotechnical systems and practices at each of the sites were developed independently and reflected each site's individual development and operational history. As a result, the scope and level of geotechnical practice at each site, while generally appropriate for each site's individual needs, has not previously been linked to a clearly-defined set of corporate standards for identifying and managing geotechnical risk.
The importance of geotechnical risk management
Teck Coal requires a comprehensive and consistently high level of geotechnical practice to manage geotechnical risks for the following primary reasons:
 Teck's status as a publicly traded company requires that geotechnical risks be managed using industry-best practices.
 The challenging geotechnical aspects of some of the potential expansions at the operating sites.
 Geotechnical risks present a number of critical or catastrophic level hazards that have the potential to cause injuries or fatalities or contribute to substantial negative monetary impacts. Potential failure mechanisms and other issues that can cause significant geotechnical risks include pit wall instabilities (ranging from bench scale, inter-ramp scale, wall scale), lack of reconciliation of design inputs/assumptions with actual ground conditions and measured pit wall performance as mining progresses, issues with the performance of tailings dams and water impoundments, and unforeseen geotechnical issues and/or unforecast effort required for reclamation and closure of completed mining areas and waste rock spoils. Geotechnical incidents can also result in regulatory issues, and have the potential to damage the company's reputation and social licence to mine.
The importance of managing geotechnical risks was recognised; however, a systematic and comprehensive process to identify, assess and prioritise geotechnical risks on a multi-site basis was required in order to take this beyond a 'gut feeling' and confirm a business case for the required staff and resources to do so. Therefore, in 2012 Teck developed and implemented the Geotechnical Assessment Process that is described in the following sections. The Geotechnical Assessment Process was also considered to be worthwhile for the following secondary reasons:
 To facilitate an ongoing dialogue between the operating sites and the growing corporate engineering group on the scope of an effective geotechnical program for Teck Coal's operations and potential expansions.
 To raise the level of awareness of geotechnical issues, and develop a proactive culture that is focused on the prevention and early identification and control of potential geotechnical issues.
 To start to establish and maintain corporate geotechnical standards, along with a geotechnical community of practice within Teck Coal and Teck Resources overall.
Geotechnical Assessment Process

Description
The Teck Coal Geotechnical Assessment Process has three stages:
1. The application of an assessment tool to identify geotechnical risks in the various aspects of design, operations and closure for an open pit coal mine.
2. The categorisation and ranking of the identified risks.
3. The development of a prioritised list of actions to mitigate these geotechnical risks.
Assessment tool and identification of risks
The assessment tool for Teck Coal's Geotechnical Assessment Process was developed in-house, after consideration of two published examples of similar processes and assessment tools:
 Hamman (2009) presents an example of a qualitative assessment procedure for the review of geotechnical management practices at mine sites. This procedure followed a 'checklist' methodology to facilitate a qualitative risk analysis and was of interest as an example of a due diligence exercise for corporate governance purposes.
 Dixon et al. (2011) presents an example of a risk based geotechnical slope reconciliation process implemented for Rio Tinto Iron Ore's Pilbara Operations. The process described is specific to pit slope risk management rather than a broader consideration of the various aspects of design, operations and closure. However, it was a valuable example of the application of a geotechnical risk assessment tool in the face of challenges due to a large number of operating pits at multiple sites, gaps in geotechnical knowledge, legacy issues from long-term operations, limited geotechnical resources and significant possible future expansions. These challenges are generally similar to Teck Coal's situation during the early stages of establishing corporate geotechnical standards and developing a corporate geotechnical community of practice.
 The development of a Teck Coal-specific assessment tool sought to build upon the key features of the two above-noted examples for a relatively broad review of the geotechnical aspects of the design, operations and closure of Teck Coal's mine sites. This was achieved by considering five areas of geotechnical practice, as listed in Table 1 (along with 'focusing questions' for each). Each of these five areas of geotechnical practice was divided into a total of 70 distinct elements that could each be pinpointed for assessment. For each element, brief descriptions of six different levels of practice (non-compliant/not applicable, regulatory requirement/minimum practice, below average, above average, industry best practice, and leading practice/innovation opportunities) were developed. Tables 2 to 4 provide excerpts from three of the five 'Area of Geotechnical Practice' tables, which present these elements and level of practice descriptions. Please note that due to format requirements, Tables 2 to 4 include only selected elements and three of the five levels of practice descriptions.
When using the assessment tool, the current and target levels of geotechnical practice for each element are identified and brief descriptions of the details and context are recorded in the geotechnical practice tables. Any element for which the current level of practice is less than the mine's established target level of practice (i.e. there is a 'gap') represents a geotechnical risk that is assessed and ranked in the next stage of the Geotechnical Assessment Process. The number and severity of gaps between the current and target levels of geotechnical practice are visually summarised using radar plots for each of the five areas of geotechnical practice. Figure 2 presents an example of such a radar plot for the Systems area of geotechnical practice.
Figure 2 Example radar plot for the 'Systems' area of geotechnical practice
In addition to the radar plots by area of geotechnical practice, the elements within each area of geotechnical practice can also be illustrated with a second set of five radar plots that are generated by regrouping the elements by five engineering processes:
 Communication and integration -aspects of communication about geotechnical issues between different departments at a site or on a project.
 Engineering and modelling -engineering analysis and the preparation and application of geotechnical models. How are we conducting 3rd party audits of our practices and to confirm our findings?
Annual review of high risk geotechnical facilities.
Senior in-house and external review of the majority of geotechnical facilities.
Geotechnical review from in-house principal-level geotechnical lead, peer review from in-house geotechnical personnel from other sites, timely support from consultants when required, and a world class external Geotechnical Review Board that meets regularly.
Assessment of geotechnical staffing levels relative to workload and required skills and experience.
Do we have process in place to look ahead at future staffing requirements? N/A Occasional or ad-hoc assessment of current staffing levels and forecasting of needs.
Bottom-up workload assessment for all staff that includes all activities performed throughout the course of a 'normal' business year. Staffing levels derived from business requirements rather than financial objectives. How is monitoring data used to fine tune our designs?
As required to 'provide a safe work environment'.
Ongoing, with learning's occasionally used to optimise planning for future spoil construction.
Proactive, ongoing and with learning's always applied to optimise the planning and sequencing for future spoil construction.
Site infrastructureGeotechnical investigation and design for new structures and facilities.
Do we involve geotechnical personnel in the construction and design process?
Regulatory requirements for professional engineer to perform design of structures and sign off on building code schedules.
Site geotechnical personnel consulted during initial scoping and planning of investigation and design, and provide input based on knowledge and experience with site conditions. Performance mapping of all walls and feedback into blasting and wall design completed.
Pit wall performance assessmentcatchment.
Do we capture final berm profiles and reconcile to design to understand how well operations are developing the pit walls?
No performance mapping completed.
Periodic surveys of some areas, quarterly or annually reconciled with production volumes and checked against design.
Periodic surveys of all areas using multiple methods, monthly reconciliation with production volumes and checked against design and designs adjusted moving forward. Slope Stability 2013, Brisbane, Australia  Identification, investigation and assessments -proactive identification of geotechnical issues through investigation and assessment work.
 Procedures and Processes -for performing, managing and validating geotechnical work.
 Reconciliations -systems and activities to measure, track the implementation of designs and to revise and optimise designs based on actual conditions and performance.
This second set of radar plots provides an alternate perspective of the number and severity of gaps between the current and target levels of geotechnical practice.
Categorisation and ranking of risks
Items for which there is a gap between the current and target levels of geotechnical practice are compiled into a Risk Register where the most significant credible risk associated with each gap is recorded. The most significant, but credible, risks are used in order to have a reasonable level of conservatism in the Risk Register.
The identified risks are categorised by type of risk:
 Technical (i.e. reduced coal recovery).
 Cost.
 Schedule.
 Health and safety.
 Reputation.
 Legal/regulatory.
The categorised risks are then qualitatively ranked using the consequence and likelihood assessment scales and the Risk Ranking table from the Teck stage gating process for major projects, shown in Tables 5, 6 and 7. This ranking process was considered to be suitable and offered the advantage of using an established Teck process for risk management.
The resulting risk ranking values are grouped into ranges as follows:
 6 to 13 = 'moderate' (blue).
 14 to 20 = 'high' (yellow).
It is important to note that the risk ranking values are not calculated by multiplying the likelihood and consequence rankings and that the risk ranking values are instead a qualitative ranking process. The use of numerical values in the process is only to facilitate ranking and does not represent a quantitative risk assessment.
Results and recommended actions
The ranked risks are reviewed to identify common themes, and then grouped by these themes. The grouped risks are then used as the basis to develop 'Project Initiatives' that list actionable steps for raising the level of geotechnical practice to the target levels and thus work towards mitigating the identified risks. 
2-10%
3 -Moderate Possible, reasonable probability that it may occur at least once in a 1 to 10 year period. A similar event has occurred at some time on other similar projects within the organisation.
10-50%
4 -Likely High probability, likely to occur approximately once per year. Similar event has occurred several times per year on similar projects within the organisation.
50-80%
5 -Almost certain Very high probability of occurrence could occur several times per year. Has occurred several times on similar projects at this location. 
>80%
2012 implementation
The Geotechnical Assessment Process was implemented at the operating sites during Q2 and Q3 2012 through on-site meetings with site personnel.
Each site session was facilitated by a senior geotechnical engineer and senior mining engineer from Teck Coal's corporate engineering group. Each site's geotechnical personnel attended their entire site session and other site personnel (e.g. Superintendent Engineering, short and long range mine planners, modelling and exploration geologists, drill and blast engineers) participated in the parts of the site sessions where the areas of geotechnical practice relevant to their roles were discussed. The sequence for each site session was as follows:
1. The facilitators presented an overview of the purpose, objectives and procedures for the Geotechnical Assessment Process at the start of each site session.
2. The facilitators and site personnel then worked through the assessment tool. The site personnel provided the primary inputs for selecting the current and target levels of geotechnical practice for each of the technical elements for the five areas of geotechnical practice. The facilitators provided advice on selecting current and target levels of practice as appropriate to maintain reasonable inter-site consistency in the level of rigor of each sites' self-evaluation and in the context of establishing corporate standards for the target levels of practice.
3. The facilitators then categorised and ranked the identified geotechnical risks, compiled the results into a geotechnical Risk Register and prepared a first draft of the Project Initiatives.
4. The facilitators then presented the draft Project Initiatives to the Superintendent Engineering and site geotechnical personnel, followed by a round-table discussion and initial feedback from the site personnel to close-out the site session.
Shortly after each site session, the facilitators incorporated the feedback from the closing discussion with the site personnel into the draft current and target level of practice rankings on the 'Area of Geotechnical Practice' tables, the Risk Register and Project Initiatives. The draft versions of these items were then circulated back to the site geotechnical personnel and Superintendent Engineering for their review before they were finalised. Table 8 lists the titles of the seven Project Initiatives were developed based on common themes identified in the ranked risks for each site. The specifics of the recommended actions for each of the Project Initiatives varied between the sites as appropriate based on the site-specific geotechnical risks that were identified.
2012 results and recommended actions
A summary report was then prepared to compile all of the site results and Project Initiatives, and also to present strategic geotechnical recommendations for Teck Coal based on an overall review and assessment of the results of the Geotechnical Assessment Process from the operating sites. This summary report was finalised in Q4 2012 and circulated to the engineering departments at each site along with Teck Coal's senior management.
Summary and path forward
The Geotechnical Assessment Process is the start of a sustained effort to standardise the application of best practices to the identification, assessment and management of geotechnical risk at Teck Coal's operating sites and development projects. The key strength of the Geotechnical Assessment Process is that it provides a consistent and repeatable method to identify and rank risks for the geotechnical aspects of the design, operations and closure at a variety of mine sites. This is of particular value for Teck Coal's sites, which vary significantly in size (ranging between approximately 2.0 and 9.5 million tonnes of clean coal produced annually) and remaining mine life (ranging from less than 10 years to greater than 50 years) in addition to having varying degrees of legacy geotechnical issues due to past engineering and operating practices.
In the near-term, each of Teck Coal's operating sites will incorporate the prioritised action items from the Geotechnical Assessment Process into their annual planning and budgeting processes. The results of the Geotechnical Assessment Process will typically provide the business case for adding geotechnical staff, higher levels of proactive geotechnical investigation, assessment and monitoring, and more effective engagement of external geotechnical consultants.
In the medium-term, Teck Coal's corporate engineering group will perform periodic geotechnical audits at the operating sites to follow-up on the 2012 Geotechnical Assessment Process. The Geotechnical Assessment Process will also be applied to future development projects in order to establish a high level of geotechnical practice early in each project's life cycle. Table 8 Project initiatives from assessment process
Project Initiative Title Lead Party for Implementation
Human resourcing Implementation to be led at site level
Proactive geotechnical investigation and design work Implementation to be led at site level Improving geotechnical monitoring capability Implementation to be led at site level Geotechnical systems improvement Implementation to be led at site level Developing ground control management plans Implementation to be started by the corporate engineering group, followed by roll-out and collaboration with the sites for final implementation
Developing closure plans Implementation to be started by the corporate engineering group, followed by roll-out and collaboration with the sites for final implementation
Ongoing development of a geotechnical community of practice Implementation to be started by the corporate engineering group, followed by roll-out and collaboration with the sites for final implementation
